Abstract: Based on ERA-Interim data from June to July during 1981-2016 and daily meteorological dataset of China Surface Meteorological Stations (V3.0), 10 typical Yangtze-Huaihe cold shear lines (YCSL) over eastern China (28 •~3 4 • N, 110 •~1 22 • E) in summer are selected, and the structural characteristics of the YCSL during the evolution process are investigated by the composite analysis. The results indicate that the YCSL is horizontally in a northeast-southwest direction and vertically inclines northward from the lower layer to the upper layer. The vertical extension of the YCSL can reach 750 hPa, and its life time is about 54 h. The evolution process of the YCSL is affected by the comprehensive configuration of the high-level, medium-level, and low-level weather systems. The southward advancement, strengthening, and eastward movement of the north branch low-pressure trough over the Yangtze-Huaihe region at 850 hPa is a key factor for the evolution of the YCSL. Because the structural characteristics of the YCSL have obvious changes in the evolution process, the evolution process can be divided into the development stage, strong stage, and weakening stage. In terms of dynamic structures, the YCSL corresponds well with the axis of the positive vorticity belt, whose center is located at 850 hPa, and reaches the maximum in the strong stage. The YCSL is located in the non-divergence zone, and there are strong convergence centers located on its south side. The YCSL also locates in the ascending motion zone between two secondary circulations on the north and south sides, with the maximum ascending velocity in the strong stage, and its large-value area presents an upright structure. In the development stage, there is an ascending motion along the YCSL, but in the strong and weakening stages there are an ascending motion below 800 hPa and a descending motion above 800 hPa along the YCSL. In terms of thermal structures, the YCSL is located in the low temperature zone of the lower layer, and there is a high temperature zone around 500 hPa. Due to the dominant role of dry and cold airflow from the north, the YCSL locates in the dry and cold air during the development and strong stages, and then the warm and moist airflow from the south invades, resulting in the weakening of the YCSL. There is a convective unstable layer on the south side of the YCSL and a neutral layer on the north side. The water vapor gathers near the YCSL, and there are two water vapor convergence centers on the east and west sides of the YCSL, respectively. The water vapor convergence zone is mainly below 600 hPa in the low troposphere and the convergence center is located at around 900 hPa. The atmospheric baroclinicity is one of the reasons for the northward inclination of the YCSL.
Introduction
Every summer from mid-June to mid-July, continuous rain often appears over the Yangtze-Huaihe region (28 •~3 4 • N, 110 •~1 22 • E) of eastern China. It is called the Yangtze-Huaihe Meiyu period [1] [2] [3] [4] [5] . In the same period, Japan and Korea also have similar weather to the Meiyu in China, which are called
Data and Methods

Data
The data used in this paper is the ECMWF reanalysis Interim data (ERA-Interim) [44] from June to July of 1989-2016 with a time resolution of four times daily and a spatial resolution of 1 • × 1 • , which includes wind, geopotential height, temperature, and relative humidity fields. The precipitation data from daily meteorological dataset of China Surface Meteorological Stations (V3.0) is also adopted, which is the cumulative precipitation of 24 h at 12:00 (UTC, the same as below).
Methods
Objective Identification of the YCSL
The identification of the YCSL is based on the objective identification method proposed by Ma [38] . The three parameters at 850 hPa used to determine the shear line are the meridional shear of zonal wind, the relative vorticity, and the zonal zero wind speed line.
where u is the zonal wind speed, y is the north-south coordinate, and ς = ∂v ∂x − ∂u ∂y is the relative vorticity.
Composite Analysis of the YCSL
The YCSLs used for composite analyses need to meet the following conditions:
(1) The YCSL is a shear between the northeasterly wind and the southwesterly wind; (2) The YCSL is located in the Yangtze-Huaihe region (28 •~3 4 • N, 110 •~1 22 • E) and its east-west span is at least three longitudes; (3) In the Yangtze-Huaihe region, rainstorms (cumulative precipitation in 24 h ≥ 50 mm) occur in at least 5 stations, and the YCSL is located near the rainstorm zone.
According to the above requirements, 10 cases of YCSLs with similar locations were selected. The occurrence date and the number of rainstorm stations are shown in Table 1 . Based on these cases, their basic physical quantities were averaged arithmetically, and finally the composited YSCL was obtained based on the arithmetic averaged data. All the pictures drawn below are the composited YSCL. 
Evolution Process of the YCSL
Using the composited data and based on the conditions in Section 2.2.2, we finally determined that the composited YSCL lasted 10 times. Because the time interval of every two times is 6 h, the life history of the YSCL is 54 h. In addition, the relative vorticity at 850 hPa is used to characterize the intensity of the YCSL. Seen from Figure 2a , the YCSL is northeast-southwest and horizontally moves from north to south over time. At the beginning, the YCSL is located north of 30° N and west of 116° E, and at the ending time it has moved southward to the south of 30° N. In the strong stage, the YCSL is located between 110°~121° E and 29°~34° N, with an east-west span of 21 longitudes and a north-south span of 5 latitudes.
Seen from the spatial evolution diagram in the vertical direction (Figure 2b ), the maximum extension height of the YCSL reaches near 750 hPa, corresponding to the seventh time. Furthermore, the YCSL is inclined northward from lower layer to upper layer, which is consistent with previous case studies [41] . In order to facilitate the analysis, the first time, fifth time, and ninth time are selected as the representative time of the development stage, the strong stage and the weakening stage of the YCSL, and the interval is 24 h.
Circulation Characteristics of the YCSL
Circulation Characteristics at 850 hPa
Because 850 hPa is the characteristic height of the YCSL, the circulation situation at 850 hPa is firstly considered. As shown in Figure 3a , in the development stage, there is a north branch low-pressure trough (referred to as north branch trough, the same as below) around 113° E, 32° N. Seen from Figure 2a , the YCSL is northeast-southwest and horizontally moves from north to south over time. At the beginning, the YCSL is located north of 30° N and west of 116° E, and at the ending time it has moved southward to the south of 30° N. In the strong stage, the YCSL is located between 110°~121° E and 29°~34° N, with an east-west span of 21 longitudes and a north-south span of 5 latitudes.
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Circulation Characteristics at 850 hPa
Because 850 hPa is the characteristic height of the YCSL, the circulation situation at 850 hPa is firstly considered. As shown in Figure 3a , in the development stage, there is a north branch low-pressure trough (referred to as north branch trough, the same as below) around 113° E, 32° N. Seen from Figure 2a , the YCSL is northeast-southwest and horizontally moves from north to south over time. At the beginning, the YCSL is located north of 30 • N and west of 116 • E, and at the ending time it has moved southward to the south of 30 • N. In the strong stage, the YCSL is located between 110 •~1 21 • E and 29 •~3 4 • N, with an east-west span of 21 longitudes and a north-south span of 5 latitudes.
Seen from the spatial evolution diagram in the vertical direction (Figure 2b ), the maximum extension height of the YCSL reaches near 750 hPa, corresponding to the seventh time. Furthermore, the YCSL is inclined northward from lower layer to upper layer, which is consistent with previous case studies [41] .
In order to facilitate the analysis, the first time, fifth time, and ninth time are selected as the representative time of the development stage, the strong stage and the weakening stage of the YCSL, and the interval is 24 h.
Circulation Characteristics of the YCSL
Circulation Characteristics at 850 hPa
Because 850 hPa is the characteristic height of the YCSL, the circulation situation at 850 hPa is firstly considered. As shown in Figure 3a , in the development stage, there is a north branch low-pressure trough (referred to as north branch trough, the same as below) around 113 • E, 32 • N. The YCSL is the shear between the strong southwesterly airflow and the east wind on the north side of the north branch trough. In this stage, the east wind is weak. While in the strong stage (Figure 3b ), the east wind turns into a strong northeasterly wind, and the YCSL consisted of it and the southwesterly airflow is also enhanced accordingly. The YCSL extends from the cold low vortex on the northeast side, and the low-pressure trough moves northeastward and becomes narrower and longer. Due to the strong cold air from the north, the YCSL is pushed southward. It can also be seen from the figure that there is a low-level jet stream parallel to the YCSL on the south side.
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Circulation Characteristics at 500 hPa and 200 hPa
The 500 hPa circulation situation can be seen from Figure 4a1 , in the development stage, the West Pacific subtropical high (WPSH) is east-west zonally distributed, and the 588 dagpm line edge reaches the southern China. The Lake Baikal is controlled by the high-pressure ridge and there is a low-pressure trough in Northeast China. In the strong stage (Figure 4a2 ), the WPSH is stable and lack of movement, while the high-pressure ridge in the Baikal region strengthens and moves eastward. There is an obvious blocking situation in the upper layer, and the southern section of the trough is blocked and rotates clockwise gradually, resulting in the low-pressure trough extending In the weakening stage (Figure 3c ), the north branch trough weakens, while the southwesterly airflow retreats southward. Most regions in the Yangtze-Huaihe region is controlled by the northeasterly wind, and the YCSL weakens and moves southward accordingly.
The 500 hPa circulation situation can be seen from Figure 4a1 , in the development stage, the West Pacific subtropical high (WPSH) is east-west zonally distributed, and the 588 dagpm line edge reaches the southern China. The Lake Baikal is controlled by the high-pressure ridge and there is a low-pressure trough in Northeast China. In the strong stage (Figure 4a2 ), the WPSH is stable and lack of movement, while the high-pressure ridge in the Baikal region strengthens and moves eastward. There is an obvious blocking situation in the upper layer, and the southern section of the trough is blocked and rotates clockwise gradually, resulting in the low-pressure trough extending from the northeastern China to the Yangtze-Huaihe region. At this time, the meridional circulation strengthens, and the angle between the isoheight line and the isotherm line becomes larger. Therefore, the cold air behind the low-pressure trough is continuously transported from north to the south by the northerly wind, and converges with the warm and humid air from the southwest of the WPSH, resulting rainstorms in the Yangtze-Huaihe region. The increase of the meridional circulation at 500 hPa also corresponds to the increase of the north wind component at 850 hPa on the north side of the YCSL. In the weakening stage (Figure 4a3 ), the temperature and pressure fields are close to coincidence, so the dynamic and thermal factors are rapidly weakened, which is not conducive to the development of the system. Generally speaking, the development of the YCSL appears in the background of the WPSH stabilization and the deepening of upper-level trough and ridge.
Previous studies have shown that the East Asian summer upper-level jet stream is an important weather system affecting East Asia, especially its interaction with the low-level jet stream is related to the heavy rainfall [45, 46] . Figure 4b shows the distribution of the upper-level jet stream, wind, and divergence fields at 200 hPa. The axis of the upper-level jet stream shows an east-west trend, the upper air over the Yangtze-Huaihe region is basically controlled by the westerly wind. The westerly wind strengthens from south to north and shows a divergent structure. In the development stage of the YCSL (Figure 4b1) , the upper-level jet stream core is located in the Bohai region, and it is divergent over most of the Yangtze-Huaihe region. In the strong stage (Figure 4b2) , the upper-level jet stream core moves eastward to the Korean peninsula, and the maximum wind speed in the center of the jet stream increases over 45 m/s. The divergent zone moves to the south side of the YSCL. Referring to Figure 3b , the low-level jet stream on 850 hPa also locates close to the position. The convergence zone caused by the low-level jet stream overlaps with the upper level divergent zone, so that the vertical motion of the synoptic scale can be continuously developed.
Studies have shown that the coupling of high-level and low-level jet streams is closely related to rainstorm. Generally speaking, in the south of the YSCL, the right side of the high-level jet stream entrance area and the left front side of the low-level jet stream exit area are prone to forming heavy rainstorms [47] . By analyzing the precipitation of 10 cases in Table 1 , it is found that the rainstorm caused by the YSCL has the following characteristics: the rainstorm belt distributes along the YSCL, and the rainstorm area moves southward with the YSCL (not shown). Because the composited precipitation is very complex, we will not discuss it in depth in this article.
Based on the above analysis, the 850 hPa north branch trough is the key factor for the evolution of the YCSL. The YCSL increases with the strengthening and southward movement of the north branch trough, and decreases with its weakening. At the same time, the rational allocation and interaction among the low-level, middle-level, and high-level weather systems promote the development of the YCSL. Coupling of the upper-level and low-level jet stream provides dynamic conditions conducive to ascent. The increasing meridional pressure gradient at 500 hPa is more favorable for the reinforcement of the lower layer (850 hPa) northeasterly wind and the north branch low-pressure trough. The combination of these factors leads to the strengthening of the YCSL.
Therefore, the evolution of the YCSL is not only related to the weather systems near the YCSL, but also related to the middle-level and high-level weather systems. The appropriate configuration of weather systems in different levels has a comprehensive impact on the evolution of the YCSL. Based on the above analysis, the 850 hPa north branch trough is the key factor for the evolution of the YCSL. The YCSL increases with the strengthening and southward movement of the north branch trough, and decreases with its weakening. At the same time, the rational allocation and interaction among the low-level, middle-level, and high-level weather systems promote the development of the YCSL. Coupling of the upper-level and low-level jet stream provides dynamic conditions conducive to ascent. The increasing meridional pressure gradient at 500 hPa is more favorable for the reinforcement of the lower layer (850 hPa) northeasterly wind and the north branch low-pressure trough. The combination of these factors leads to the strengthening of the YCSL. 
Evolution Characteristics of the YCSL's Dynamic Structure
Horizontal Direction
Studies on the Yangtze-Huaihe shear line's dynamic structure mainly focus on vorticity and divergence. By individual case analysis, it is found that the positive vorticity zone in the middle and lower troposphere is matched with the Yangtze-Huaihe shear line, and there are distributions of high-level divergence and low-level convergence [48, 49] . Meanwhile, the YCSL is located in the non-divergence zone (Figure 5b) , with a convergence belt on the south side of the YCSL. There is a strong convergence center on the west side of the YCSL, which reaches -25 Meanwhile, the YCSL is located in the non-divergence zone (Figure 5b) , with a convergence belt on the south side of the YCSL. There is a strong convergence center on the west side of the YCSL, which reaches −25 × 10 −6 s −1 in the strong stage (Figure 5b2 ). Figure 6a shows the relative vorticity along the vertical section of 115 • E. The YCSL corresponds well with the positive vorticity belt, which inclines northward along the YCSL from lower layer to upper layer. The vertical vorticity belt reaches its maximum in the strong stage (Figure 6a2) , with the maximum center of 6 × 10 −5 s −1 at 850 hPa. Meanwhile, the upper level above 500 hPa is the negative vorticity zone. According to the vertical wind field near the YCSL (Figure 7) , there is an indirect thermal circulation above 700 hPa on the south side of the YCSL, and a direct thermal circulation on the north side. The YCSL is located in the ascending motion zone between the two secondary circulations. The center of ascending velocity is located at around 600 hPa and reaches its maximum in the strong stage, reaching −50 (Figure 7a) , there is an ascending motion along the YCSL. In the strong stage (Figure 7b) , there is still an ascending motion below 800 hPa along the YCSL, while between 800~750 hPa there is a descending motion. In the weakening stage (Figure 7c ), a sinking motion occurs above 850 hPa. The divergence field in the vertical direction is showed in Figure 6b . The YCSL is close to the divergence zero line. The upper layer above 500 hPa over the YCSL is divergent, and it is cooperated with the convergence field in the middle and lower layers, providing dynamic conditions conducive to the upward movement.
Vertical Direction
According to the vertical wind field near the YCSL (Figure 7) , there is an indirect thermal circulation above 700 hPa on the south side of the YCSL, and a direct thermal circulation on the north side. The YCSL is located in the ascending motion zone between the two secondary circulations. The center of ascending velocity is located at around 600 hPa and reaches its maximum in the strong stage, reaching −50 × 10 −2 Pa s −1 . The positive vertical velocity zone presents an upright structure. However, in different stages, the vertical motion along the YCSL is different. In the development stage (Figure 7a) , there is an ascending motion along the YCSL. In the strong stage (Figure 7b) , there is still an ascending motion below 800 hPa along the YCSL, while between 800~750 hPa there is a descending motion. In the weakening stage (Figure 7c ), a sinking motion occurs above 850 hPa.
circulations. The center of ascending velocity is located at around 600 hPa and reaches its maximum in the strong stage, reaching −50×10 −2 Pa s −1 . The positive vertical velocity zone presents an upright structure. However, in different stages, the vertical motion along the YCSL is different. In the development st To summarize, the YCSL corresponds to the positive vorticity belt, which inclines northward from the lower level to the upper level and is in northeast-southwest direction horizontally. The positive vorticity center is located near 850 hPa and reaches its maximum in the strong stage. At the same time, the YCSL is located near the non-divergence zone, and the strong convergence center is on the south side of the YCSL. The YCSL is between the indirect thermal circulation on the north side and the direct thermal circulation circle on the south side. The vertical motion center is at 600 hPa above the YCSL, and the rising speed reaches its maximum in the strong stage. In the development stage, the vertical upward movement is along the YCSL. In the strong and weakening stages, there is an upward movement below 800 hPa and a downward movement above 800 hPa along the YCSL.
Evolution Characteristics of the YCSL's Thermal Structure
Thermal Structure
Horizontal Direction
The pseudo-equivalent potential temperature (θ se ) can synthetically represent the characteristics of temperature and humidity, and it is generally used to characterize the thermal characteristics of the Meiyu Front. Studies have shown that the front zone appears as a dense zone of θ se on both the isobaric surface and vertical profiles. The slope of the Meiyu Front has a very steep profile, and sometimes it approaches the vertical direction or even inclines southward [50, 51] .
As shown in Figure 8 , the YCSL is located in the area with a large meridional gradient of θ se , where the temperature and humidity change rapidly. The shaded area represents the difference between θ se and the average pseudo-equivalent potential temperature (θ se ) of the Yangtze-Huaihe region (28 •~3 4 • N, 110 •~1 22 • E). Bounded by 116 • E, compared to the θ se of the Yangtze-Huaihe region, the western section of the YCSL is located in the relatively warm and humid area on the south side and the east section is located in the relatively dry and cold area on the north side. As the warm, moist air from the south moves northward and strengthens and the dry, cold air from the north weakens (Figure 8c) , the YCSL enters the weakening stage. Figure 9 shows the temperature and the se θ distribution of the YCSL in the vertical direction.
Vertical Direction
It can be seen that there is an isothermal surface concave area in the lower layer (below 800 hPa), and the YCSL is located in this relatively low temperature zone. At about 500 hPa, the temperature is relatively high. Comparing the three evolution stages of the YCSL, the concave feature is the most prominent in the strong stage (Figure 9b ).
According to the distribution of se θ in the vertical direction and the difference between it and se θ of the Yangtze-Huaihe region ( se se θ θ − ), it can be seen that the air over the south side of the YCSL is relatively warm and moist, and the air over the north side is relatively dry and cold. In the development stage (Figure 9a ), the YCSL is located in the dry and cold air; in the strong stage (Figure 9b) , the dry and cold air from the north moves southward, playing a leading role in the evolution of the YCSL; in the weakening stage (Figure 9c ), the YCSL is already located in the warm and moist air below 800 hPa. It is caused by the invasion of warm and moist air in the south, resulting in the weakening of the YCSL. At the same time, the confrontation between dry, cold air and warm, wet air is the most obvious between 900 hPa and 800 hPa in the lower troposphere. Figure 9 shows the temperature and the θ se distribution of the YCSL in the vertical direction. It can be seen that there is an isothermal surface concave area in the lower layer (below 800 hPa), and the YCSL is located in this relatively low temperature zone. At about 500 hPa, the temperature is relatively high. Comparing the three evolution stages of the YCSL, the concave feature is the most prominent in the strong stage (Figure 9b) .
According to the distribution of θ se in the vertical direction and the difference between it and θ se of the Yangtze-Huaihe region (θ se − θ se ), it can be seen that the air over the south side of the YCSL is relatively warm and moist, and the air over the north side is relatively dry and cold. In the development stage (Figure 9a) , the YCSL is located in the dry and cold air; in the strong stage (Figure 9b) , the dry and cold air from the north moves southward, playing a leading role in the evolution of the YCSL; in the weakening stage (Figure 9c ), the YCSL is already located in the warm and moist air below 800 hPa. It is caused by the invasion of warm and moist air in the south, resulting in the weakening of the YCSL. At the same time, the confrontation between dry, cold air and warm, wet air is the most obvious between 900 hPa and 800 hPa in the lower troposphere.
The distribution of θ se in the vertical direction can further reveal the stability of the atmosphere. Figure 9 shows that on the south side of the YCSL is ∂θ se ∂p > 0, so the atmosphere is convectively unstable. On the north side, the contours of θ se tend to be steep and the atmosphere is neutral. In the development stage (Figure 9a) , the YCSL is located in the unstable layer, while in the strong and weakening stages (Figure 9b,c) , it is located in the neutral layer on the north side.
Atmosphere 
Water Vapor Characteristics
Since the cases used for composite analysis are the shear lines producing rainstorms, there must be sufficient water vapor supplements near the YCSL. It can be seen from the distribution of water vapor flux divergence at 850 hPa in Figure 10 that the water vapor flux divergence over most of the Yangtze-Huaihe region is less than zero, and the water vapor convergence zone is located on the south side of the YCSL. There are two water vapor convergence centers on the east and west sides of the YCSL. In the development and strong stages, the intensity of the water vapor convergence center on the west side is 
Since the cases used for composite analysis are the shear lines producing rainstorms, there must be sufficient water vapor supplements near the YCSL. It can be seen from the distribution of water vapor flux divergence at 850 hPa in Figure 10 that the water vapor flux divergence over most of the Yangtze-Huaihe region is less than zero, and the water vapor convergence zone is located on the south side of the YCSL. There are two water vapor convergence centers on the east and west sides of the YCSL. In the development and strong stages, the intensity of the water vapor convergence center on the west side is −30 × 10 −6 g/(cm 2 · hPa · s), and the other on the east side is −20 × 10 −6 g/(cm 2 · hPa · s). Due to the active cold air, the water vapor convergence zone moves southward obviously with the southward movement of the YCSL. Correspondingly, the water vapor convergence also weakens with the cold air weakening. Figure 11 shows the water vapor flux divergence in the vertical direction. The water vapor convergence near the YCSL is mainly below 600 hPa, and the strongest convergence is located at around 900 hPa. It can be seen that in the development and strong stage, the center of water vapor flux divergence is −20 × 10 −6 g/(cm 2 · hPa · s), and the value increases to −30 × 10 −6 g/(cm 2 · hPa · s) in the weakening phase. This corresponds to the northward movement of the warm, moist air from the south shown in Figures 8 and 9 .
To summarize, the YCSL is located in a low temperature zone below 800 hPa. The south side of the YCSL is relatively warm and wet, and the north side is relatively dry and cold. Due to the dominant role of dry, cold air from the north, the YCSL is located in the dry, cold air during the development and strong stages, and then the southern warm, moist air invades, resulting in the weakening of the YCSL. Meanwhile, a convective unstable layer is on the south side of the YCSL, and it is neutral on the north side. The water vapor gathers near the YCSL and there is a water vapor convergence center on the east and west sides of the YCSL, respectively. The water vapor convergence zone is mainly located below 600 hPa and the convergence center locates at around 900 hPa. 
Causes of the YCSL's Northward-Inclined Structure
In practice, the air movement meets the quasi-geostrophic approximation and the actual wind can be replaced by the geostrophic wind for weather analyses. In the perspective of thermal wind, the reason why the YCSL inclines northward with the increase of height is explained.
According to the definition of thermal wind (
where → V g is geostrophic wind, g is the gravitational acceleration, f is the Coriolis parameter, → k is the unit vector in the vertical direction, z is height, h is thickness, and T is average temperature. A value of 1 represents low-level isobaric surface and 2 represents high-level isobaric surface.
The variation of geostrophic wind with height can be obtained from the thermal wind relationship.
It can be seen from Equation (4) that the change of the zonal wind with height is proportional to the meridional change of temperature (
∂T ∂y
). According to the thermal characteristics near the YCSL in Section 6.1, the temperature distribution on the isobaric surface is warm in the south and cold in the north ( ∂T ∂y < 0), then the zonal wind increases with the altitude ( ∂u g ∂p < 0). As shown in Figure 12 , on the low-level isobaric surface p 1 , the zonal wind speed at point A on the YCSL is zero (u = 0). Since it is satisfied ∂u g ∂p < 0, on the isobaric surface p 2 the zonal wind speed at point B directly above the YCSL should be greater than zero. The zonal wind on the south side of the YCSL is positive (u > 0), and on the north side it is negative (u < 0). Therefore, with the increase of height, the wind right above the YCSL should be southwesterly wind, that is, the YCSL has a northward-inclined structure in the vertical direction. 
Conclusion and Discussion
In this paper, based on ERA-Interim reanalysis data and 10 cases of YCSLs from June to July of 1981-2016 for composite analysis, the characteristics of the YCSL's dynamic and thermal structures in the development stage, strong stage, and weakening stage were revealed. The main conclusions are as follows. 
Conclusions and Discussion
In this paper, based on ERA-Interim reanalysis data and 10 cases of YCSLs from June to July of 1981-2016 for composite analysis, the characteristics of the YCSL's dynamic and thermal structures in the development stage, strong stage, and weakening stage were revealed. The main conclusions are as follows.
(1) The YCSL is in the northeast-southwest direction horizontally, and inclines northward from the lower layer to the upper layer in the vertical direction. The life history of the YCSL is about 54 h and it moves from north to south during the evolution process. In the strong stage, the east-west span of the YCSL is 21 • longitude, the north-south span is 5 • latitude, and the maximum extension height is at about 750 hPa.
(2) The evolution of the YCSL is affected by the comprehensive configuration of the high-level, medium-level, and low-level weather systems. The development of the YCSL is promoted by the strengthening of the westerly airflow in the upper layer, the development of long-wave trough in the middle layer, the southward advancement of the north branch trough in the lower layer, and the southwesterly airflow belt. In particular, the north branch trough over the Yangtze-Huaihe region has played a key role.
(3) In the different stages of the evolution process, the dynamic structure of the YCSL shows different characteristics. The YCSL corresponds well with the positive vorticity belt, which inclines northward along the YCSL from lower layer to upper layer. The center of the positive vorticity belt is at 850 hPa, which reaches its maximum in the strong stage. The YCSL is located in the non-divergence zone, and the strong convergence centers are on the south side of the YCSL. The YCSL is located in the ascending motion zone between the two secondary circulations on the north side and south side. The ascending velocity center is at 600 hPa, which reaches its maximum in the strong stage. In the development stage, there is an ascending motion along the YCSL, but in the strong stage and weakening stage, there is an ascending motion below 800 hPa and a descending motion above 800 hPa along the YCSL.
(4) Due to the dominant role of cold, dry air from the north, the YCSL is located in relatively dry and cold air. As the southern warm air northwardly invades, the YCSL weakens. A convective unstable layer is on the south side of the YCSL, and it is a neutral layer on the north side. The frontal zone is obvious near the YCSL at 850 hPa. The west section of the YCSL is in the warm and humid zone, and the east section is in the dry and cold zone.
(5) The water vapor gathering zone is near the YCSL. At 850 hPa, there is a water vapor convergence center on east and west sides of the YCSL, respectively. In the vertical direction, the water vapor convergence is mainly below 600 hPa and the convergence center locates at around 900 hPa.
(6) The baroclinity of the atmosphere is one of the reasons for the northward inclination of the YCSL.
By the composite analysis, the universal structural characteristics of the YCSL were obtained, which is helpful for understanding the YCSL. Compared with different cases of YCSL, although the weather background of each case is different, there dynamic and thermal structures have a lot in common. Composite analysis summarizes their universal characteristics, and the dynamic and thermal characteristics are consistent with previous studies, which is also the reason why this method is used in this paper. In addition, the structural characteristics in the evolution progress of other types of Yangtze-Huaihe shear lines still need to be explored, and the differences among different types of Yangtze-Huaihe shear lines are also a direction for future research.
